DNA damage and repair in mammalian cells
The genome of eukaryotic cells is under continuous attack from a variety of DNA-damaging agents (endogenous and exogenous), which lead to many types of DNA lesions (Table I) . DNA damage that can occur include single-strand breaks (SSBs), double-strand breaks (DSBs), mismatches, chemical modifications of the bases or sugars and inter-or intrastrand cross-links (1) (2) (3) (4) . To avoid the deleterious consequences of damage accumulation, multiple DNA repair pathways have evolved, each associated with specific classes of lesions (5) (6) (7) (8) . The major source of endogenous DNA damage is reactive oxygen species (ROS) generated from normal cellular metabolism (9, 10) . Exogenous sources of DNA damage include environmental agents such as ultraviolet light, ionizing radiation (IR), chemicals, toxins and pollutants (11) (12) (13) . Unlike proteins, lipids and RNA, DNA cannot be replaced when damaged and thus must be repaired (14) (15) (16) . If the damage is not repaired, the cell may resort to induction of apoptosis or necrosis, so that the mutations are not passed on to progeny cells and do not result in disease (especially cancer). In fact, many DNA-damaging agents are used in cancer therapy to induce apoptosis of tumor cells (17) (18) (19) (20) .
The cellular response to DNA damage is co-ordinated, in dividing cells, by cell cycle checkpoints. Cell cycle progression (proliferation) is stopped by these checkpoints to allow the DNA repair machinery time to correctly repair the damage (5) . The predominant repair pathways in mammalian cells are base excision repair (BER) (Figure 1 ), nucleotide excision repair (NER), DSB repair and mismatch repair. BER recognizes and repairs base modifications, as well as abasic sites and DNA SSBs (8, 21, 22) . Many, but not all, of the DNA lesions repaired by BER are products of ROS attack. Some of these oxidative lesions are formed at high rates, even in the absence of exogenous DNA-damaging agents. For example, it is estimated that 100-500 8-hydroxyguanine (8-oxoG) lesions are formed per day in a human cell (10) . The formamidopyrimidine lesions 2,6-diamino-4-hydroxy-5-formamidopyrimidine (FapyG) and 4,6-diamino-5-formamidopyrimidine are formed at similar rates as 8-oxoG after oxidative stress (23) (24) (25) . The other repair pathways are also important in response to DNA damage, acting to repair a variety of lesions, several of which can also result from ROS activity. NER is the major repair pathway for removal of bulky DNA adducts, which distort the normal structure of the DNA helix. These can be formed by ultraviolet radiation (yielding adducts like thymidine dimers or 6-4 photoproducts), chemicals or ROS (26, 27) . Such lesions strongly disrupt transcription and replication. DSB repair is the pathway used to repair DNA sites in which both strands of the helix have been broken on the sugar phosphate backbone in relatively close proximity to each other (thus forming a DSB) (3, 28) . These lesions are severely genotoxic and can be caused by IR, ROS and chemicals, but also during replication as a result of replication fork arrest and collapse (7) . Mismatch repair is important for repair of mismatched bases or small insertion-deletion loops that result from replication errors or polymerase slippage (29, 30) .
The focus of this review is on the roles of oxidative damage and repair in carcinogenesis and the aging process. The BER pathway, the major pathway for repair of ROS-generated lesions, is described further below, as well as its importance in cancer prevention and its association with aging.
Sources and activity of ROS
The term ROS refers to a group of molecules (such as peroxides and free radicals) derived from oxygen that are highly reactive toward biomolecules. Free radicals are any atom or molecule that contains one or more unpaired electrons. They are usually more reactive than the corresponding non-radicals because they can act as oxidizing agents. ROS are constantly generated in living organisms as byproducts of cellular metabolism, but can also be produced as a consequence of IR, chemotherapeutic drugs and environmental exposure to transition metals and chemical oxidants (31) (32) (33) (34) . ROS can randomly react with lipids, proteins and nucleic acids causing oxidative stress and damage in these macromolecules, leading to pathogenesis of agerelated and chronic diseases including cancer (35) (36) (37) (38) (39) (40) (41) (42) . A significant portion of the extensive daily DNA damage occurring in each cell of the body is caused by ROS (43) . During oxidative metabolism in mitochondria, most of the oxygen is converted to water, but $0.2-2% is converted to ROS (44, 45) ; respiratory complexes I and III leak electrons directly to oxygen, producing superoxide anion (O ÁÀ 2 ). Although relatively weak in aqueous media, O ÁÀ 2 can be converted to hydrogen peroxide (either spontaneously or catalyzed by superoxide dismutase), which in turn can be fully reduced to water or partially reduced to hydroxyl radical (OHÁ), a very powerful oxidant (46) . O ÁÀ 2 may also react with nitric oxide to form the strong oxidant peroxynitrate (ONOOÀ). Despite its lesser reactivity than other ROS, hydrogen peroxide has important roles in oxidative damage and carcinogenesis since it is especially stable and diffuses easily through biological membranes, thus reaching other cellular compartments further producing cellular injury [for example, nuclear DNA (nDNA) damage], especially if it becomes converted to highly reactive OHÁ (47, 48) .
The first line of defense from the damaging effects of ROS is antioxidants, which convert the oxidants to less reactive species. Oxidative stress increases as the ratio of steady-state concentration of oxidants to antioxidant increases (49) . The cellular response to oxidative damage includes DNA repair, cell cycle arrest and apoptosis (50) (51) (52) (53) (54) . Irreversible mutations contribute to oncogenesis (55) . ROS also have roles in physiological regulation of numerous cellular processes. For example, nitric oxide, a short-lived (t 1/2 5 up to 30 s) highly diffusible free radical generated from L-arginine (56) , acts as a second messenger to regulate a variety of physiological processes such as platelet adhesion, neurotransmission and vascular permeability (57) (58) (59) . Nitric oxide is not highly reactive to macromolecules but, as mentioned above, can become converted the highly reactive oxidant, ONOOÀ by reacting with O ÁÀ 2 (60) . A significant consequence of oxidative stress is DNA lesions, which result in genomic instability and various pathologies (22, 61, 62) . ROS generate a variety of DNA lesions, including oxidized DNA bases, abasic sites, SSBs and DSBs (63) . There are .100 types of oxidative base modifications in mammalian DNA (64, 65) . Studies have suggested that mitochondrial DNA (mtDNA) may accumulate more oxidative DNA damage than nDNA (66, 67) . This has been ascribed to localization of the mtDNA near the inner mitochondrial membrane where oxidants are formed, as well as lack of histones and diminished DNA repair activities (68) . DNA bases are sensitive to ROS oxidation, particularly guanine due to its low redox potential (69) . So, not surprisingly, 8-oxoG is one of the most abundant and well-characterized DNA lesions generated by ROS (reviewed in ref. 70) . It has been estimated that $180 guanines are oxidized to 8-oxoG per mammalian cell per day (10). 8-oxoG is a highly mutagenic miscoding lesion that can lead to G:C to T:A transversion mutations (71) .
Mechanisms of the BER response to oxidative DNA damage in the nucleus
The BER pathway is the primary mechanism for repair of oxidative base lesions, such as 8-oxoG and formamidopyrimidines (4,6-diamino-5-formamidopyrimidine, FapyG). Other base modifications repaired by BER include uracil and 3-methyladenine, resulting from cytosine deamination and alkylating agents, respectively (72, 73) . BER is a critical process for genomic maintenance, as highlighted by the severe phenotypes seen in animals deficient in BER function, including cancer, premature aging and metabolic defects (74, 75) . BER has alternative pathways depending on the damage and the responsive enzymes, as described below and illustrated in Figure 1 . During short-patch BER, only one new nucleotide is incorporated in the place of the damaged base; during long-patch BER, from two to six new nucleotides are incorporated.
The initial step in BER uses DNA glycosylases, which cleave the N-glycosyl bond between the sugar and the base, thus releasing the damaged base to form an abasic site, also termed apurinic/apyrimidinic (AP) site. Abasic sites can also arise through spontaneous depurination and depyrimidination (76, 77) . The efficient repair of abasic sites is critical because they are highly mutagenic (78, 79) . There are several different glycosylases specific for certain lesions. Individual glycosylases may recognize more than one type of damage, and Base excision repair of oxidative DNA damage each specific modification may be recognized by more than one type of glycosylase, giving a degree of redundancy in the process. For example, OGG1 has strong specificity to 8-oxoG and FapyG lesions, whereas NEIL1 efficiently removes FapyG and 4,6-diamino-5-formamidopyrimidine (80, 81) . The BER target lesions (glycosylase-specific damage products) are classified as follows: oxidized/reduced bases (such as 8-oxoG or formamidopyrimidines), alkylated bases (typically methylated), deaminated bases (such as uracil) or base mismatches (7) . DNA glycosylases are classified as mono-or bifunctional, depending on their reaction mechanisms. Monofunctional glycosylases (having only glycosylase activity; such as UNG) require another enzyme (predominantly APE1) for the incision of the resulting abasic sugar residue [leaving behind a 5#-deoxyribose phosphate (dRP)]. If the glycosylase is bifunctional (having both glycosylase and AP lyase activity; such as OGG1 or NEIL1), then both base excision and an incision 3# to the AP site can occur (82) , resulting in a SSB that harbors a 3#-a,bunsaturated aldehyde (for example from OGG1 activity) or 3#-phosphate (for example from NEIL1 activity). SSBs can also arise directly by ROS-induced disintegration of oxidized deoxyribose, generating a 3#-phosphoglycolate terminus. The SSB requires removal of the altered 3#-terminal groups prior to polymerization and/or ligation. The enzymes APE1 (82-84) and polynucleotide kinase (85, 86) have the ability to remove 3#-obstructive termini, particularly unsaturated aldehyde and phosphate groups, respectively. APE1 also has the ability to remove 3#-phosphoglycolate groups generated during direct SSBs Accessory proteins such as poly(ADP-ribose)polymerase-1 (1,87) and XRCC1 (1, 88) aid in this process by forming complexes with repair proteins at the SSBs and helping with repair protein recruitment and chromatin modification. After removal of obstructive termini or APE incision 5# to the AP site, replacement of the excised nucleotide is performed by polymerase (POLb) (89) . This enzyme also removes the dRP group left behind by APE1 incision (Figure 1 , short-patch pathway). Often if the 5# terminal is refractory to this POLb AP lyase activity, strand displacement synthesis is required by way of incorporation of multiple nucleotides ( Figure 1 , long-patch pathway); in this case, several enzymes (proliferating cell nuclear antigen, FEN1 and POLb and/or POLd/e) act together to remove the blocking terminus. The final step of BER entails ligation of the remaining nick, by either LIG1 alone or LIG3-XRCC1 complex (90) .
There is evidence of co-operation between the enzymes at successive steps in BER. For example, studies indicate that, in short-patch BER, a specific interaction of APE1 and POLb occurs that assembles the polymerase onto the AP site in DNA, serving to accelerates the excision of 5#-terminal dRP by POLb (89, 91) . Besides the core enzymes that participate in BER, several other protein factors have been identified to modulate BER activity. Such auxiliary proteins interact with the essential BER proteins and/or the DNA to enhance the enzyme activity or efficiency of the reactions (92) .
BER in the mitochondria
Although much attention has been paid to the effects of BER on nDNA, mitochondria harbor a critical component of the total cellular DNA and should therefore not be overlooked. Recent work underscores the differences in the manner that oxidative DNA damage is handled in the mitochondria as compared with the nucleus (93). Moreover, mitochondrial and nuclear mutations have been linked to aging and several neurodegenerative diseases (94) (95) (96) (97) (98) (99) (100) . Therefore, it is of great interest to determine similarities and differences between nuclear and mitochondrial repair mechanisms.
Within each mammalian cell, there are hundreds to thousands of mitochondria, each containing two to five copies of circular supercoiled DNA. The mtDNA encodes components of the electron transport chain including 13 structural genes, 22 transfer RNAs and 2 ribosomal RNAs. Although limited information is available about the molecular organization of DNA in mammalian mitochondria, it is known that mtDNA are not protected by histones but instead associated with the inner membrane, near the ROS-generating electron transport chain (101).
This localization makes mtDNA more prone to damage than nDNA. It has been observed that mtDNA contain a higher steady-state level of oxidative damage compared with nDNA (64, 102) . Although it was originally suggested that mitochondria had no DNA repair (103) , later findings demonstrated that mammalian mitochondria efficiently remove DNA damage repaired by BER (104) (105) (106) .
Several BER proteins have been identified in the mitochondria and these are generally either identical to nDNA repair proteins or isoforms of nuclear proteins arising from differential splicing or alternative transcription initiation sites (107, 108) . Nuclear and mitochondrial adenine-DNA-glycosylases are generated by alternatively spliced forms of the human MYH gene (109) . In addition, the human NTH1 protein (glycosylase that is involved in repair of oxidized pyrimidines) has a putative mitochondrial targeting sequence and has been found both in nuclear and mitochondrial extracts (110) . The human OGG1 gene produces two major distinct transcripts via alternative splicing: a-OGG1 and b-OGG1. The a-OGG1 protein localizes mainly in nuclei, whereas b-OGG1 appears to be localized exclusively in mitochondria. The b-OGG1 isoform does not have any measurable glycosylase activity; it lacks the C-terminal a-O helix present in a-OGG1 that is essential for 8-oxoG DNA glycosylase activity (111) . Mitochondrial and nuclear forms of uracil DNA glycosylase (UDG, also termed UNG) are encoded by alternative splicing and transcription from different positions in the UNG gene (112) . The APE1 protein exerts repair activity in both nuclei and mitochondria (113) , and recent evidence suggests that the mitochondrial form is an N-terminal truncation of the full-length APE1 (114) . In vitro studies have demonstrated that POLc, the only DNA polymerase present in mitochondria (115, 116) , has both polymerase and dRP lyase activity and is therefore the major enzyme for the repair synthesis step in BER (117). Very recently, three studies have reported the presence of long-patch BER in mitochondria (118) (119) (120) . While these studies all find long-patch repair, two of them (119,120) also find the presence of FEN1 in the mitochondrial extracts from human cells, whereas the third (118) detects flap endonuclease activity, but suggests it is not from FEN1.
Association of oxidative DNA damage and BER with cancer and aging ROS-induced DNA damage is believed to contribute to carcinogenesis, aging and neurodegeneration. Oxidative damage to DNA may lead to mutations that activate oncogenes or inactivate tumor suppressor genes (32, 121) . Many DNA repair pathways, as well as other cellular stress response pathways, such as cell cycle arrest and apoptosis, determine the probability of genetic alterations turning into neoplastic events. Specific DNA lesions have been strongly implicated in tumorigenesis. For example, high levels of 8-oxoG and other oxidative lesions have been found in urine and tumor tissue DNA from patients with a variety of malignancies (39, (122) (123) (124) (125) (126) . In addition, antioxidant and repair enzymes activities may be altered in cancers (126) (127) (128) (129) (130) . Thus, one can envision that BER could be of critical importance in cancer prevention.
Many experimental approaches have linked ROS-generated oxidative DNA damage and the associated avoidance and repair processes to carcinogenesis. Early studies showed that exposure of mouse fibroblasts to ROS can lead to cellular transformation (131) . However, ROS have a wide range of potential cellular effects, depending on the dose and cellular environment. For example, ROS can also induce cellular senescence or apoptosis, which are considered anticancer mechanisms since they inhibit cell proliferation or kill the cell. A more definitive approach to understanding the role of ROS in cancer is to increase ROS levels by inhibiting antioxidant defenses. Mice deficient (by gene knockout) in the antioxidant superoxide dismutase enzyme can have dramatic phenotypes ranging from increased rates of cancer to death (soon after birth) (130, 132) . In addition, mice deficient in the antioxidant catalase and simultaneously restricted in nutritional antioxidant vitamin E had an elevated incidence of mammary tumors (128) .
Carcinoma cells are characterized by persistent oxidative stress and high levels of ROS. Suggested contributions to this include an altered S. Maynard et al. metabolic pathway involving nicotinamide adenine dinucleotide phosphate oxidase, tumor-associated macrophages delivering sublethal oxidative stress and an inadequate tumor vascular network (133, 134) . For example, human tumor cells in vitro have a much enhanced production of hydrogen peroxide relative to non-transformed cell lines (135) . Also, high levels of 8-oxoG have been found in human renal carcinomas (136) and in breast carcinoma cells (134) relative to respective normal tissue. Reports also indicate that cancer cells have a suppressed antioxidant system. For example, catalase gene expression has been shown to be lowered in human hepatoma cells (137) . Moreover, tumor cells are typically low in both manganese and copper-zinc superoxide dismutase (138) . The effect of persistent oxidative stress on cancer cells is to further promote cancer growth and metastasis of the cell clones. One way it does this is through induction of DNA damage that may lead to further mutation. It may also activate growth-promoting transcription factors or modulate genes important in apoptosis or proliferation (39, 139) . In addition, it may damage certain protease inhibitors, thus allowing aberrant action of proteases involved in tumor invasion and metastasis (elastin, plasminogen activator and plasmin) (135) . The chronic inflammation associated with carcinomas also stimulates large production of ROS, thus causing additional genetic instability. The high oxidative stress in tumor cells creates selective pressure for cells having enhanced growth, invasion and metastasis characteristics (36, 134) .
Aging is the highest risk factor for cancer (140) . Considerable evidence suggests that oxidative stress has a role in the organismal aging process. The free radical theory of aging proposes that aging may be in part due to free radical-dependent cellular damage accumulation. The premise in this theory is that free radicals (through continuous attack of protein, lipids and DNA) are involved in producing the aging changes associated with the environment, disease and the intrinsic aging process (40, 141, 142) . Many of the studies on oxidative damage and the aging process have been done on the shortlived invertebrates Drosophila melanogaster and Caenorhabditis elegans or on the mammalian model systems rats and mice (40) . In the case of Drosophila and C.elegans, results strongly suggest that oxidative stress and antioxidant defenses play a critical role in life span. In rats and mice, caloric restriction (with associated reduced free radical production) significantly increases the average life span and slows age-related decline. There are several lines of evidence linking aging and genome maintenance pathways. Accelerated aging is observed in mice defective in DNA repair pathways, such as NER and DSB repair, telomere maintenance and mitochondrial genome replication (143) . In the case of BER, the use of genetic defects to link BER to aging has been limited. Most BER proteins are necessary for embryonic development; so mice with designed knockout of key BER proteins (exceptions are the functionally redundant DNA glycosylases) are embryonic lethal. Defects in glycosylases and more mild defects in other BER genes (such as point mutations or haploinsufficiency) are generally connected to elevated cancer susceptibility (described in the next section) but have yielded less insight into the relationship between BER and aging. Recently, it was demonstrated that the mice deficient in the mammalian Sir2 homolog, SIRT6, a chromatin-associated protein required for normal BER maintenance of genomic integrity, display age-related degenerative phenotypes (74) . Multiple factors can contribute to aging and life span, such as telomere shortening, hormone levels and multiple targets of ROS, making it difficult to establish a direct role of the BER enzymes in counteracting aging. In this respect, yeast is a simpler, more tractable, system since it is without hormones and does not inactivate telomerase. Studies in yeast have shown that defects in several BER enzymes shorten chronological life span (144) .
Mitochondria are the major physiological site for the generation of ROS and play a key role in mediating apoptosis. Thus, the mitochondria's activity in producing oxidative stress (and associated damage to mtDNA) and in cellular turnover is thought to significantly contribute to human aging, cancer and neurodegeneration. The mitochondrial theory of aging proposes that mtDNA mutations caused by ROS accumulate in the cell, leading to damaged respiratory chain proteins, thereby generating more ROS, which in turn causes higher mutation rates (145) . There are a variety of organisms with shortened or enhanced life span and associated alterations in mitochondrial metabolism or ROS generation (145) . Moreover, accumulation of point mutations and deletions of mtDNA in a variety of tissues with age have been reported for humans (146) , monkeys (147) and mice (148) . Also, there are many reports indicating an association between mitochondrial metabolic/molecular alterations and a variety of human cancers (149) . A recent study found that mtDNA mutations can contribute to tumor cell metastasis (150) . While mitochondria accumulate a great amount of genetic damage, the existence of multiple copies of the mitochondrial genome per cell may render these organelles relatively tolerant to high levels of damaged DNA, through complementation by the remaining mitochondrial genomes. Mitochondrial BER has been shown to be important in disease and aging. For instance, dysfunction of the mitochondrial-specific BER enzyme POLc has been associated with mtDNA mutation disorders, such as progressive external ophthalmoplegia, parkinsonism and Alpers syndrome (151) . Also, mice lacking the DNA repair proofreading function of POLc show signs of premature aging and accumulated mutations in their mtDNA (100) . In addition, expression of b-OGG1 and incision of 8-oxoG were both reduced in mitochondrial extracts from the prostate cancer cell lines PC-3 and DU-145 (126) . Moreover, defective BER of 8-oxoG in mitochondria of MCF-7 and MDA-MB-468 breast cancer cell lines has been reported (152) . The many distinct alterations in mtDNA structure and function in cancer cells, relative to normal cells, make mtDNA an attractive molecular marker for early detection of cancer. In fact, mutant mtDNA is readily detectable in urine, blood and saliva samples from cancer patients (153) .
The above-mentioned studies provide evidence that cellular responses to ROS modulate carcinogenesis and aging. Since BER is the main pathway for repair of oxidative lesions, investigations into relating specific BER enzymes to disease is justified. Some of these studies have been discussed above with respect to cancer and aging, including the role of mtDNA repair. More detailed clinical aspects are discussed below.
Clinical manifestations of alterations of BER pathway genes
The importance of the proper functioning of the BER pathway to sustain life is illustrated in the phenotypes seen in mouse knockout strains. Gross BER defects appear to be incompatible with life. Mouse knockouts of genes coding for core BER proteins, including XRCC1 (154), POLb (155, 156) , APE/HAP1 (157), FEN1 (158) and DNA ligase I (159), are embryonic lethal. Other steps of the BER pathway may, however, be protected by redundancy. Whereas MYH and OGG1 knockout mice show very little phenotype, MYH/OGG1 double mutant mice show high susceptibility to tumor formation (160) .
There are many human hereditary diseases associated with defective cellular responses to DNA damage. Principal defective responses include NER (examples include Xeroderma pigmentosum, Cockayne syndrome and Trichothiodystrophy), DNA strand break repair (Ataxia telangiectasia and Nijmegen breakage syndrome), helicase defects (Bloom, Werner and Rothmund-Thomson syndromes), mismatch repair (hereditary non-polyposis colon cancer), chromosomal stability (Fanconi anemia) and class switch recombination (Hyper-IGM syndrome). Cancer susceptibility is a common theme among individuals with DNA repair gene mutations. DNA damage compounded with defects in DNA repair can lead to genomic instability and consequential tumorigenesis. Autosomal recessive familial cancer-prone syndromes such as Ataxia telangiectasia, Bloom syndrome, Fanconi's anemia, Rothmund-Thomson syndrome, Werner's syndrome and Xeroderma pigmentosum are examples of how defects in DNA repair can lead to genomic instability.
Genetic diseases caused by mutations in BER pathway genes are less common than those caused by other DNA repair pathway genes. Interestingly, however, 30% of all human tumors examined have variant POLb proteins, with approximately half having a single amino acid change (161) . An early link between an inherited defect in BER and cancer was reported in 2002, when a family with a phenotype Base excision repair of oxidative DNA damage similar to familial adenomatous polyposis was shown to have mutations in the gene encoding the human MutY homolog (162) . It appears that the MutY homolog mutations found caused a reduced capacity to initiate the repair of 8-oxoG d A mismatches, which probably led to an increased number of G-T transversions in the adenomatous polyposis coli gene that resulted in the inactivation of the adenomatous polyposis coli protein.
Recessive mutations of UNG in three patients have been found to be one cause of the primary immune deficiency disorder Hyper-IGM syndrome (163) . In a pathway initiated by activation-induced cytidine deaminase, UNG is required to trigger somatic hypermutation and class switch recombination of antibody genes, which are involved in the generation of high-affinity antibodies. In these patients, recessive mutations were found in the catalytic domain shared by the mitochondrial and nuclear isoforms of UNG. B cells from these patients had a severe impairment in class switch recombination at a DNA precleavage step and the pattern of somatic hypermutation was also found to be abnormal. These patients have not, as yet, developed cancer, though 28% of older (.18 month) UNG knockout mice developed lymphomas compared with only 1.3% of control animals (164) .
Two different miscoding mutations on separate alleles of LIG1 were found in a patient with lymphoma, growth retardation, sun sensitivity and immunodeficiency (165) . A fibroblast strain derived from this patient showed retarded joining of Okazaki fragments, indicative of a defect in lagging strand DNA synthesis, and increased sensitivity to several DNA-damaging agents (166) .
Mutations in DNA repair genes are also linked to neurodegeneration. Examples include Ataxia telangiectasia (ATM), Xeroderma pigmentosum (XPA-G), Cockayne syndrome (CSA and B) and Werner syndrome (WS) (167) . In addition, Trichothiodystrophy, Bloom syndrome and Rothmund-Thomson syndrome all have mental retardation as part of their syndromes (167) . It has been hypothesized that neurons from Alzheimer's disease patients may have a genetic defect in BER (168) . In fact, increased 8-oxoG levels and mitochondrial deletions, as well as deficient BER, have been found in Alzheimer's disease patients (98, 169, 170) . Because neuronal cells have high metabolic rates, it has been proposed that BER may play a more important role in repairing DNA damage in neurons (both in the nucleus and mitochondria) than in other cell types (171) . Oxidative stress plays a significant role in neuronal cell death associated with a variety of neurodegenerative disease. Elevated levels of oxidative damage are seen in the cortical region of brains that have Lewy bodies and associated dementia (41) and in the chronic active plaques of patients with multiple sclerosis (172) . Moreover, the mitochondrial isoform of OGG1 is elevated in the substantia nigra of Parkinson's patients (173) ; and APE1 expression and activity are decreased in amyotrophic lateral sclerosis (ALS) patients with sporadic ALS (174) . Missense mutations in APE1 were also found in eight of 11 patients with sporadic and familial ALS (175) . However, one report indicates that APE1 was increased in ALS patients (176) .
More subtle associations between cancer and other BER genes are being explored through single-nucleotide polymorphism (SNP) association studies. Individuals with certain polymorphisms of BER genes may have a greater susceptibility to cancer after being exposed to environmental toxins. Polymorphisms may help explain why individuals with equal exposure to certain environmental carcinogens, such as cigarette smoke, may be at different risks for the development of cancer. The majority of lung cancers, for instance, are associated with smoking but only a small minority of smokers will develop the disease.
As with many clinical association studies involving SNPs, epidemiological findings for BER SNPs have been inconsistent. Several genes have been sufficiently investigated to where meta-analysis of prior studies of BER gene associations with cancer cohorts has been performed, though inconsistencies still exist. A meta-analysis of seven studies (.3000 cases and 3000 controls) by Hung et al. (177) revealed a 24% increased risk of lung cancer among subjects homozygous for the variant OGG1 Ser326Cys polymorphism (326Cys/Cys) [odds ratio (OR) 5 1.24, 95% confidence interval (CI) 5 1.01-1.53]. Experimental evidence has shown that this isoform exhibits decreased DNA glycosylase activity in the repair of 8-oxoG (178) . In addition, subjects with the 326Cys/Cys genotype have higher levels of oxidized guanine in lymphocyte DNA following ex vivo treatment with sodium dichromate (179) . However, when Kiyohara et al. (180) performed a meta-analysis, using an additional four studies to the original seven studies by Hung et al. (177) , there was no longer an association between the OGG1 Ser326Cys polymorphism and lung cancer risk. The presence of heterogeneity in association studies may compromise the interpretation of meta-analysis and make conclusions difficult. Heterogeneity may result from variables such as ethnicity and study design. In the case of the OGG1 Ser326Cys polymorphism, further studies are warranted, with attention toward reducing heterogeneity.
Other BER genes have also been studied with meta-analysis, especially XRCC1. Polymorphisms of XRCC1 have been extensively evaluated in cancer association studies, in part because of their relative high frequency in the population. The three most frequently analyzed polymorphisms of XRCCI are Arg194Trp, Arg399Gln and Arg280His. In a meta-analysis of 16 studies of tobacco-related cancers, using $5000 cases and 6000 controls, individuals heterozygous for XRCC1 Arg194Trp were found to have a protective effect (OR 5 0.86, 95% CI 5 0.77-0.95) (177) . This was in agreement with a large metaanalysis by Hu et al. (181) (38 case-control studies, $12 000 cancer cases and .14 000 controls), which also found a decreased cancer risk (OR 5 0.89, 95% CI 5 0.81-0.98) with the variant genotypes (Trp/ Trp þ Arg/Trp) compared with the wild-type Arg/Arg genotype. A mutagen sensitivity assay using bleomycin, which showed individuals with the wild-type allele had more chromosomal breaks per cell (182) , also supports the findings of the meta-analyses. However, metaanalyses of studies examining specific cancers and the Arg194Trp polymorphism have not shown significant associations. When lung cancer risk alone was analyzed in two meta-analyses, one based on eight studies in nine different ethnic populations (180) and another based on five studies that also looked at aerodigestive tract cancers (including oral cavity and pharynx) (177) , no significant associations were found. There was also no association between Arg194Trp and breast cancer risk in a meta-analysis of 11 studies ($6000 cases and $6000 controls) of Caucasian and Asian populations (183) .
The XRCC1 Arg399Gln polymorphism, on the other hand, has shown associations with specific cancers, especially in Asian populations, but not overall cancer risk. A meta-analysis of 17 studies analyzing this polymorphism and lung cancer risk (.7000 cases and $9000 controls) showed that individuals with the 399Gln/Gln genotype had an increased risk of lung cancer among Asians (OR 5 1.34, 95% CI 5 1.16-1.54) but not among Caucasians (180) . In another meta-analysis of four studies ($1600 cases and $1600 controls), Zhang et al. (183) found an association in Asian populations between the Arg399Gln polymorphism and breast cancer (OR 5 1.6, 95% CI 5 1.1-2.3). An accompanying meta-analysis by Zhang et al. (183) of eight studies ($8000 cases and $8000 controls) did not find the same association in the Caucasian population. In terms of overall cancer risk, Hu et al. (181) did not find any association between the XRCC1 Arg399Gln polymorphism and a general risk of cancer.
In meta-analyses examining smoking associations with the XRCC1 Arg399Gln polymorphism, Hung et al. (177) showed that individuals homozygous for the variant polymorphism (Gln/Gln) appeared to be at increased risk of tobacco-related cancers among light smokers (six combined studies, OR 5 1.38, 95% CI 5 0.99-1.94) but decreased risk among heavy smokers (seven combined studies, OR 5 0.71, 95% CI 5 0.51-0.99). According to the authors of this study, the discrepancy may have resulted from different mechanisms affecting cells exposed to light versus heavy tobacco smoke. Hung et al. (177) note that the XRCC1 399Gln allele has been shown to be associated with higher mutagen sensitivity (182) and higher levels of DNA adducts (184) that may explain the increased risk of tobacco-related cancers among light smokers. Possible explanations for the decreased risk among heavy smokers include enhanced apoptosis at the time of cell division from heavy tobacco smoking or induction of DNA repair capacity in response to DNA damage.
The XRCC1 Arg280His polymorphism has had conflicting results by meta-analysis. In two separate meta-analyses (177,180) studies, S. Maynard et al. there was no association between cancer risk and the XRCC1 Arg280His polymorphism. However, the meta-analysis of 38 casecontrol studies by Hu et al. (181) did find an overall increase risk of cancer (OR 5 1.19, 95% CI 5 1.00-1.42) for the variant genotypes (His/His þ Arg/His) of the Arg280His polymorphism compared with the wild-type homozygote.
One other meta-analysis has been reported for a BER gene. A metaanalysis of the APE1 polymorphism Asp148Glu (166) combining $1400 cases and 1700 controls from four studies showed no association with lung/upper aerodigestive tract cancer risk.
Many single cohort or larger consortium-based SNP association studies without further meta-analysis have been performed looking for associations of various BER pathway genes with overall cancer risk or for specific cancers. Studies have also been performed looking at polymorphisms with longevity (and specifically for BER, no association was seen in a study of XRCCI polymorphisms) (185) . As with polymorphism studies in general, repeated analysis in different populations will be necessary to draw reliable conclusions. Future metaanalyses will be needed as studies become available.
Conclusions
There is extensive evidence indicating that ROS damage to nDNA, mtDNA, proteins and lipids is associated with disease and aging. DNA damage accumulation leads to genomic instability resulting in cancer and age-associated disorders. Many of the studies revealing these connections involve modifying genes in model organisms (especially mice) or treating cultured mouse or human cells with oxidants, antioxidants or agents that alter specific processes (especially DNA repair pathways). It is important, however, to keep in mind that associations found in mouse models may not hold true to disease associations in humans since the damage response pathways may differ between species. Moreover, conclusions based on cultured human cells may not reflect the processes or responses in vivo. Direct relationships between BER and disease manifestations have been difficult to establish, probably due to the critical role of BER in maintaining genomic integrity, as demonstrated by the fact that full knockouts of all the core BER proteins (APE1, POLb, FEN1 and XRCC1) result in embryonic lethality. More connections have been made between impaired NER and human disease. However, work with BER SNPs and meta-analysis has provided extensive circumstantial evidence for a role of BER SNPs in human disease manifestations. Since it is now evident that there is effective BER in mammalian mitochondria, the crucial importance of BER in mtDNA integrity and disease manifestations can no longer be overlooked.
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